After injury to the substantia nigra pars compacta (SNpc), remaining neurons sprout to ensure normal dopamine delivery to the striatum. The consequent striatal reinnervation is highly regulated, with remaining cells sprouting so that density of dopamine terminals returns to normal. Sprouting as a result of injury is accompanied by a strong glial response; however, it is difficult to know whether this response is as a result of the injury or whether it is aiding in the sprouting. The two cytokines interleukin-1 (IL-1) and interleukin-6 (IL-6) are important modulators of the glia response. This study demonstrates their role in regulating the sprouting of dopaminergic neurons and the associated glia response as a means to examine the role of glia in sprouting. Sprouting was induced by 6-hydroxydopamine lesions of the SNpc and by haloperidol treatment (in the absence of injury). In wild-type animals, sprouting in association with microglial and astrocyte proliferation followed partial lesions of the SNpc and haloperidol treatment. Neither treatment evoked sprouting or glia proliferation in the type I IL-1 receptordeficient mice, whereas in IL-6-deficient mice, both treatments resulted in glial proliferation but not sprouting. We conclude that IL-1 plays a role in modulating glia proliferation and thereby guidance and trophic factors for new fibers, whereas IL-6 may be important in triggering the outgrowth of new fibers. This study demonstrates that these cytokines play an important role in plasticity and regeneration that is separate from the inflammatory response associated with brain injury.
After injury to the substantia nigra pars compacta (SNpc), remaining neurons sprout to ensure normal dopamine delivery to the striatum. The consequent striatal reinnervation is highly regulated, with remaining cells sprouting so that density of dopamine terminals returns to normal. Sprouting as a result of injury is accompanied by a strong glial response; however, it is difficult to know whether this response is as a result of the injury or whether it is aiding in the sprouting. The two cytokines interleukin-1 (IL-1) and interleukin-6 (IL-6) are important modulators of the glia response. This study demonstrates their role in regulating the sprouting of dopaminergic neurons and the associated glia response as a means to examine the role of glia in sprouting. Sprouting was induced by 6-hydroxydopamine lesions of the SNpc and by haloperidol treatment (in the absence of injury). In wild-type animals, sprouting in association with microglial and astrocyte proliferation followed partial lesions of the SNpc and haloperidol treatment. Neither treatment evoked sprouting or glia proliferation in the type I IL-1 receptordeficient mice, whereas in IL-6-deficient mice, both treatments resulted in glial proliferation but not sprouting. We conclude that IL-1 plays a role in modulating glia proliferation and thereby guidance and trophic factors for new fibers, whereas IL-6 may be important in triggering the outgrowth of new fibers. This study demonstrates that these cytokines play an important role in plasticity and regeneration that is separate from the inflammatory response associated with brain injury.
Key words : interleukin-1; interleukin-6; regeneration; sprouting; haloperidol; lesioning; glia After injury to the substantia nigra pars compacta (SNpc), dopaminergic neurons sprout to form new branches and synapses (Onn et al., 1986; Thomas et al., 1994; Blanchard et al., 1995 Blanchard et al., , 1996 Cheng et al., 1998; Ho and Blum, 1998; Batchelor et al., 1999; Liberatore et al., 1999; Finkelstein et al., 2000; Parish et al., 2001) . Although this sprouting is accompanied by a glia response, it is difficult to know whether glia play an obligatory role in sprouting or are present because lesions induce an inflammatory response disrupting the blood-brain barrier and thereby causing a glia reaction and consequent upregulation of cytokines and growth factors. Recently, we reported that the D 2 dopaminergic receptor (D 2 R) plays a central role in regulating SNpc arbor size and that pharmacological blockade of these receptors produces sprouting, thus providing an opportunity to examine the role of glia and cytokines in sprouting in the absence of trauma (Finkelstein et al., 2000; Parish et al., 2001) .
Glia provide growth factors, guidance molecules, and a physical substratum for regenerating axons. The proinflammatory cytokine interleukin-1 (IL-1) is integral to the entry of microglia into inflamed areas, the activation of astrocytes, and regulation of the synthesis of growth factors (Giulian and Lachman, 1985; Lindholm et al., 1987; Lee et al., 1993) . IL-1 can also induce neurons and glia to synthesize interleukin-6 (IL-6) (Benveniste et al., 1990; Sawada et al., 1992; Norris et al., 1994; Gadient and Otten, 1997) . IL-1 stimulates the proliferation of astrocytes and thereby the consequent release of IL-6 (Giulian and Lachman, 1985; Lindholm et al., 1987; Lee et al., 1993; Ritchie et al., 1996) that is capable of modulating the differentiation and survival of neuronal cells (Nijsten et al., 1987; Satoh et al., 1988; Hama et al., 1991) and the gp130-mediated differentiation of astrocytes.
Although there is a view that brain expression of IL-1 only occurs in response to injury, there is increasing evidence that cytokines are expressed in normal adult brain. IL-1 is thought to have neuromodulatory functions related to central control of autonomic function (Watkins et al., 1999; Vitkovic et al., 2000; Szelenyi, 2001) . Studies aiming to define the physiological functions of IL-1 are difficult because the levels of IL-1 mRNA and protein are at the limits of the resolution of current techniques (Vitkovic et al., 2000) .
Glia are increased in the brains of human subjects treated with long-term antipsychotic agents (Selemon et al., 1999) , and we observed increased glia in association with haloperidol-induced sprouting in rats . In this study, we expanded on these observations by investigating whether a microglial and astrocytic reaction as well as specific cytokines are required for sprouting induced by D 2 R blockade. We used haloperidol treatment to induce sprouting and compared this and the glial response with the extent of sprouting that followed a lesion of the SNpc produced by 6-hydroxydopamine (6-OHDA). Haloperidol and 6-OHDA were also administered to type I interleukin-1 receptor knock-out [IL-1R(Ϫ/Ϫ)] and interleukin-6 knock-out [IL-6(Ϫ/Ϫ)] mutant mouse and the glial reaction and extent of sprouting compared with that induced in wild-type (WT) mice. It was anticipated that these mutant mice would have an attenuated microglia and/or astrocytic responses. Further-more, if a glia response were an essential requisite for sprouting, we would also predict that these mutants should have impaired sprouting.
MATERIALS AND METHODS
All methods conformed to the Australian National Health and Medical Research Council published code of practice for the use of animal research and was approved by the Monash University Animal Ethics Committee.
IL -6(Ϫ/Ϫ) were purchased from the Australian National University animal house. They were generated on a hybrid C57BL /6 and 129/Sv genetic background, and their generation and development were described in detail previously (Kopf et al., 1994) . IL -1R(Ϫ/Ϫ)-deficient adult mice were also generated on a hybrid C57BL /6 and 129/Sv genetic background, and their generation and development were described in detail previously (Glaccum et al., 1997; Labow et al., 1997) . The IL -1R(Ϫ/Ϫ) and IL -6(Ϫ/Ϫ) were backcrossed to C57BL /6, and, consequently, C57BL /6 mice were used as controls. Adult male mice were 10 -12 weeks at the commencement of experiments. IL -1R(Ϫ/Ϫ) mice were genotyped using immunohistochemistry and IL -6(Ϫ/Ϫ) by an ELISA. In total, 54 W T mice (25 untreated, five haloperidol, seven 4 d lesion, and 17 2 month lesion), 34 IL -1R(Ϫ/Ϫ) mice (seven untreated, six haloperidol, seven 4 d lesion, and 14 2 month lesion), and 33 IL -6(Ϫ/Ϫ) mice (seven untreated, six haloperidol, six 4 d lesion, and 14 2 month lesion) were used in the subsequent experiments.
Immunohistochemistry for tyrosine hydroxylase and dopamine transporter
Animals were killed by an overdose of sodium pentobarbitone (Lethobarb; 0.35 mg /gm) and perf used with 30 ml of warmed (37°C) 0.1 M PBS, pH 7.4, with heparin (1 U/ml), followed by 30 ml of chilled 4% paraformaldehyde (Sigma, St. L ouis, MO) and 0.2% picric acid in 0.1 M phosphate buffer (4°C), pH 7.4. The brains were then removed and left at 4°C overnight in 30% sucrose in PBS.
A 1 in 15 series of 16 m sections was cut in the coronal plane through the striatum. Sections were mounted directly onto slides coated with 0.1% chrome alum and 1% gelatin in water and then stored at Ϫ70°C until required. A 1 in 2 series of coronal sections (50-m-thick) were cut through the SNpc. Dopamine transporter (DAT) immunohistochemistry was used to identif y dopaminergic terminals in the caudate putamen (C Pu) for stereological estimates of terminal density, and tyrosine hydroxylase (TH) immunohistochemistry identified dopaminergic neurons within the SNpc. Counts were made of both SNpc cell numbers and terminal density as described previously . A second series through the SNpc was mounted onto chrome alum -gelatinized slides for counter staining with neutral red (N R).
Glial fibrillar y acidic protein immunohistochemistr y. Sections through the striatum were processed for the glial fibrillary acidic protein (GFAP), a marker for astrocytes. Sections were fixed for 30 sec in 10% neutral buffered formalin, followed by three washes in PBS. Sections were then left for 30 min in blocking buffer (0.3% Triton X-100 and 3% normal goat serum in PBS) and then incubated at 4°C overnight in rabbit polyclonal anti-GFAP (1:1000; Dako, Glostrup, Denmark) diluted in antibody diluent (0.3% Triton X-100 and 1% normal goat serum in PBS). Sections were washed three times in PBS and incubated with biotinylated secondary goat anti-rabbit IgG (1:500; Vector Laboratories, Burlingame, CA) for 1.5 hr at room temperature, rinsed, and subsequently incubated in avidin peroxidase at a dilution of 1:5000 for 1 hr at room temperature. Sections were then reacted with cobalt and nickel-intensified diaminobenzidine (DAB), mounted on microscope slides with a 0.5% gelatin solution, and counter stained in neutral red.
Griffonia simplicifolia isolectin B 4 histochemistry. A third series of striatal sections were processed histochemically with lectin from Griffonia simplicifolia isolectin B 4 (GSI-B 4 ) conjugated to biotin (Sigma) for demonstration of microglia. Sections were fixed in 10% neutral buffered formalin for 30 sec and rinsed in PBS. Sections were then incubated for 24 hr at room temperature with biotinylated GSI-B 4 diluted to 5 g/ml in PBS with 1% Triton X-100. After three 10 min rinses in PBS, sections were incubated in avidin peroxidase (1:5000 dilution) (Sigma) for 1 hr, rinsed in PBS, and preincubated for 12 min in cobalt and nickel-intensified DAB solution (Sigma). This was followed by the addition of 3% H 2 O 2 (3.33 l/ml) into the DAB solution and reacted for 10 -12 min. The sections then were rinsed in PBS and counterstained with neutral red.
Fractionator design for estimating total numbers of SNpc neurons, DAT-immunoreactive varicosities, and glia in the CPu
The number of SNpc neurons (neutral red and TH-IR) and the density of DAT-IR terminals (DTs) in the dorsal C Pu were estimated using methods described in detail previously (Gundersen et al., 1988; West et al., 1991; Coggeshall and Lekan, 1996; West et al., 1996; Finkelstein et al., 2000; Parish et al., 2001) . The dorsal region of C Pu was chosen for sampling because it predominantly receives the SNpc projection (Fallon and Moore, 1978; Bjorklund and Lindvall, 1984; Gerfen et al., 1987) .
GFAP-IR astrocytes and GSI-B 4 -IR microglia were counted in 16-mthick, 1 in 15 serial sections from the dorsal 400 m of the C Pu. Counts were made at regular predetermined intervals (x ϭ 250 m; y ϭ 250 m), and a counting frame (125 ϫ 10 m) was superimposed over the tissue and viewed under a 63ϫ oil lens. Astrocytes and microglia were classified as immunoreactive cells possessing at least one process.
Drug treatment groups
A separate group of W T, IL -1R(Ϫ/Ϫ), and IL -6(Ϫ/Ϫ) mice received the reversible dopamine receptor antagonist haloperidol (2.5 mg / kg; Serenace; Sigma, Melbourne, Australia) in their drinking water continuously for 2 months.
Lesioning
Partial unilateral lesions of the SNpc were produced in a separate group of W T, IL -1R(Ϫ/Ϫ), and IL -6(Ϫ/Ϫ) mice using the neurotoxin 6-OH DA, as described previously .
RESULTS

The nigrostriatal projection in IL-1R and IL-6 knock-out mice
The number of SNpc neurons and DAT-IR terminals in the striatum were determined in WT, IL-1R (Ϫ/Ϫ), and IL-6 (Ϫ/Ϫ) mice to calculate the size of the terminal arbors of SNpc neurons. ANOVAs with Tukey's post hoc tests were used with statistical differences set at the level of p Ͻ 0.05.
Stereology of the substantia nigra pars compacta
The SNpc was delineated by staining with NR, and the number of NR-stained neurons in the SNpc was counted as described previously (Nelson et al., 1996; Parish et al., 2001) . The number of TH-IR neurons in the SNpc were counted in alternate sections. The number of NR-stained SNpc neurons was similar in the WT, IL-1R(Ϫ/Ϫ), and IL-6(Ϫ/Ϫ) mice (Fig. 1 A) . As expected, the majority of neurons in the SNpc of WT, IL-1R(Ϫ/Ϫ), and IL-6 (Ϫ/Ϫ) animals were TH-IR (Fig. 1 A) .
Stereology of DAT-labeled varicosities
DAT-IR varicosities were counted as described in Materials and Methods, and density was determined as the number of varicosities estimated within the chosen counting area. We wanted to derive a representation of the average size of the terminal arbor of SNpc neurons for each genotype. The only way to measure the actual size of the arbor is to anterogradely fill and reconstruct individual axons, which is time consuming, and, consequently, only a small sample of the neuronal population can be analyzed this way. We developed and described a method for determining the terminal tree (TT) size as the density of DTs per TH-IR SNpc neuron (NSNpc), having corrected for volume of CPu (VCPu) , which varied (although not statistically significant) between the genotypes. Using the following formula, a representative of the terminal tree size can be made, taking into account these volume differences. The formula for determining TT size was as follows:
Using this formula, TT of both IL-1R(Ϫ/Ϫ) and IL-6(Ϫ/Ϫ) mice were ϳ25% larger than in WT (Fig. 1 B) .
Stereology of GFAP-IR and GSI-B 4 -IR glia
GFAP-IR astrocytes and GSI-B 4 -IR microglia were counted as described Materials and Methods, and their density within the CPu was determined. The density of GSI-B 4 -IR microglia in the striatum was similar in each genotype. There was also no significant difference between the density of GFAP-IR astrocytes in WT and IL-6(Ϫ/Ϫ); however, a 34% increase in density was seen in IL-1R(Ϫ/Ϫ) mice (Fig. 1 A, B) .
Effects of the dopamine receptor antagonist haloperidol on WT, IL-1R(؊/؊), and IL-6(؊/؊) mice
After haloperidol treatment, there was an increase in the size of the terminal arbors of SNpc neurons of WT mice (35%), as observed previously ). However, in both mutants, the size of the terminal tree was not altered by haloperidol treatment. It is noteworthy, however, that haloperidol treatment increased the TT of WT mice to a size similar to that observed in untreated mutants (Fig. 2 A) .
The density of both astrocytes and microglia increased in W T and IL -6(Ϫ/Ϫ) mice after haloperidol treatment. The increase in astrocytes was similar in both genotypes (46 and 43%, respectively), whereas microglia more than doubled (137%) in W T mice compared with a more modest (43%) increase in IL -6(Ϫ/Ϫ) mice. In comparison, there was no changes in either astrocyte or microglial density of IL -1R(Ϫ/Ϫ) mice after drug treatment (Fig. 2 B, C) . As with the size of the TT, the astrocyte density of IL -1R(Ϫ/Ϫ) mice was similar to those that resulted from haloperidol treatment of both W T and IL -6(Ϫ/Ϫ) mice. Microglia, on the other hand, were at similar levels to untreated W T mice but were unresponsive to haloperidol treatment (Fig. 2 B, C) .
Effects of 6-OHDA lesioning of the SNpc on the terminal tree of dopaminergic neurons of IL-1R(؊/؊) and IL-6(؊/؊) mice
The animals were killed at either 4 d or 2 months after the partial lesion, the number of SNpc neurons and DAT-IR varicosities in the dorsal CPu were counted, and the size of the TT was calculated. Stereological estimates of SNpc neuron numbers revealed lesion sizes ranging between 9 and 79%. In animals with very large lesions, the number of neurons in the contralateral SNpc was also reduced, presumably attributable to diffusion of the toxin. In these cases, the contralateral hemisphere was included as an example of a small lesion size.
Animals killed 4 d after lesioning were used to assess the acute phase response of glia to injury. Both WT and IL-6(Ϫ/Ϫ) mice showed strong astrocytic and microglia responses 4 d after lesioning, the effect being greater in WT mice than IL-6(Ϫ/Ϫ) mice. The size of the response was proportional to the size of the lesion. There was no glial or astrocytic response as a consequence of lesioning IL-1R(Ϫ/Ϫ) (Fig. 3) .
The relationship between glial and lesions was examined 2 months after lesioning. The density of microglia increased in proportion to the size of the lesion in both WT and IL-6(Ϫ/Ϫ) mice (Figs. 3, 4) . In addition WT mice showed an exponential increase in astrocyte density, whereas no significant increase was observed in IL-6(Ϫ/Ϫ) mice. In IL-1R(Ϫ/Ϫ) mutants, there was no response to lesioning and no relationship between microglial or astrocyte density to lesion size (Figs. 4, 5) . Although the density of astrocytes was moderately elevated in unlesioned animals (compared with unlesioned WT or IL-6(Ϫ/Ϫ) mutants), lesioning did not elicit an additional elevation to the levels that were observed in WT or IL-6(Ϫ/Ϫ) mice with larger lesions. The very high GFAP counts recorded in acutely lesioned WT mice suggests that mice are capable of mounting a marked response and that the counts seen in the IL-1R(Ϫ/Ϫ) were not a ceiling maximum. Figure 6 showed the responses of each genotype to the various manipulations (i.e., haloperidol, 4 d lesion, and 2 months after lesion) in which lesion data were pooled. This clearly illustrated the significant effects lesioning and haloperidol had on glia density in WT and IL-6(Ϫ/Ϫ) mice and highlighted the lack of effect in the IL-1R(Ϫ/Ϫ) mice.
As observed previously in WT mice, terminal tree size increased through sprouting to maintain the density of DAT terminals at normal levels, at least until lesion size reaches ϳ75% (Fig.  7A) (Finkelstein et al., 2000; Parish et al., 2001 ). In contrast, terminal density declined linearly in proportion to lesion size in the IL-1R(Ϫ/Ϫ) and IL-6(Ϫ/Ϫ) mice (Fig. 7 B, C) . After a 40% lesion, terminal density fell by ϳ50% of nonlesioned values in the IL-1R knock-out mice. Similarly, density was reduced by approximately one-third in the IL-6(Ϫ/Ϫ) mice after lesion sizes of ϳ40%. When the terminal tree was calculated in IL-1R(Ϫ/Ϫ) and IL-6(Ϫ/Ϫ) mice, it was found that dopaminergic neurons do not sprout after lesions of the SNpc (Fig. 7 E, F ) . Figure 8 illustrates the changes in the density of DAT-IR terminals in WT, IL-1R(Ϫ/Ϫ), and IL-6(Ϫ/Ϫ) mice 2 months after a partial SNpc lesion.
DISCUSSION
This study provides evidence that a microglial and astrocytic response, along with the cytokines IL-1 and IL-6, are required for a cytotrophic response to support sprouting of dopaminergic neurons. Haloperidol treatment resulted in a 35% increase in the size of the terminal tree, associated with a clear-cut increase in both astrocytes and microglia. This reaction was entirely free of the inflammatory response that typically follows acute injection of toxin into the SNpc, associated with disruption of the blood-brain barrier, removal of necrotic cellular debris, and initial axonal retraction. Similarly, at 2 months after lesions, the initial inflammatory response should be long gone because even the sprouting that follows this injury is near complete. Preliminary experiments showed a biphasic glial response to injury with an initial peak correlating to inflammation and a second later peak associated with supporting regenerating fibers . Hence, the compensatory sprouting that follows a lesion of the SNpc could to be dependent on the associated robust microglia and astrocytes and the growth-promoting factors that they might provide.
This conclusion is supported by the findings from the study of IL-IR(Ϫ/Ϫ) and IL-6(Ϫ/Ϫ) mice. In the case of the IL-1R(Ϫ/Ϫ) line, there was no sprouting and no inflammatory response (microglial or astrocytic) elicited by either haloperidol treatment or lesioning. IL-1 stimulates the mobilization of microglia and proliferation of astrocytes and, with tumor necrosis factor ␣, induces the synthesis of IL-6 (Giulian and Lachman, 1985; Lindholm et al., 1987; Lee et al., 1993; Ritchie et al., 1996) in both neurons and astrocytes (Benveniste et al., 1990; Sawada et al., 1992; Norris et al., 1994; Gadient and Otten, 1997) . It is likely therefore that sprouting failed in the IL-1R(Ϫ/Ϫ) mouse because of the absence of a glia reaction and the subsequent release of trophic factors to protect and support the SNpc fibers. Furthermore, there is evidence that IL-1␤ can stimulate surrounding non-neuronal cells to secrete neurotrophic factors, thus enhancing neurite regeneration from transected nerve terminals in cultured dorsal root ganglia explants (Horie et al., 1997) . Activated microglia are the principal source of IL-1 (Giulian, 1987; Hetier et al., 1988) , although it can be synthesized by astrocytes (Fontana et al., 1982) and neurons (Breder et al., 1988; Lechan et al., 1990; Tchelingerian et al., 1993) . However, in the 1-methyl-4-(2Ј-methylphenyl)-1,2,3,6-tetrahydropyridine hydrochloride denervated striatum, the predominant source of IL-1 is the GFAP-IR astrocytes and striatal neurons (Ho and Blum, 1998) . The role of increased microglial and astrocyte density may be enhanced astroglial synthesis of dopaminergic neurotrophic factors such acid FGF (aFGF), basic FGF (bFGF), or glial cell line-derived neurotrophic factor (GDNF). Although these factors are increased 1 week after denervation of the striatum (Leonard et al., 1993) , the induction of IL-1␣ mRNA was not accompanied by induction of these factors, leading to the suggestion that IL-1␣ could act directly on dopaminergic cells to induce plasticity (Ho and Blum, 1998) . Our findings imply that through some mechanism, D 2 R blockade leads to IL-1 release, which in turns leads to a cascade of events that elicits both a glia response and sprouting. Previously, we showed the importance of the D 2 R in regulating the terminal arbor size of SNpc neurons ). Although we speculated that this is mediated by the D 2 autoreceptor, this is by no means certain. Recently, D 2 Rs were shown on glia (Khan et al., 2001) and in the rat adrenal gland, in which the D 2 R regulates release of IL-6 by noncatacholaminergic adrenal cells (Ritchie et al., Figure 2 . This figure compares the terminal tree sizes as well as microglia and astrocyte density of WT, IL-1R(Ϫ/Ϫ), and IL-6(Ϫ/Ϫ) mice before (black bars) and after (white bars) long-term haloperidol treatment. Mean Ϯ SE. A, Haloperidol caused a significant increase (35%) in terminal tree size in WT animals but had no effect in the knock-out groups. B, A significant increase in the density of GFAP-IR astrocytes occurred in the WT and IL-6(Ϫ/Ϫ) mice after treatment (46 and 43%, respectively). C, A significant increase in GSI-B 4 -IR microglia density followed haloperidol treatment of WT and IL-6(Ϫ/Ϫ) mice (137 and 43%, respectively). Haloperidol had no effect on the density of either microglia or astrocytes in IL-1R(Ϫ/Ϫ) mice. *p Ͻ 0.05, significant differences from untreated animals. 1996). It is therefore possible that the D 2 R located on nonneuronal cells could regulate the release of cytokines. IL-1 may also have a specific cytotrophic or neuroprotective function, acting as a target-derived neurotrophic factor, because autoradiography studies have shown a distribution of IL-1 receptor binding in the substantia nigra (Farrar et al., 1987; Akaneya et al., 1995) . In a double-label experiment, Ho and Blum (1998) showed that IL-1 receptor expression was found within tyrosine hydroxylaseimmunoreactive cells in the substantia nigra (Ho and Blum, 1998) . Absence of sprouting in the IL-1R(Ϫ/Ϫ) mice is additional evidence that IL-1␣ may be responsible for dopaminergic sprouting in mice after haloperidol treatment and after lesioning. Additional studies will be required to discriminate between the contributions to sprouting of IL-1 as a direct acting neurotrophic molecule as distinct from its indirect role as a cytokine that first mediates a microglial and astrocytic response and subsequent release of cytokines.
The response of the IL-6(Ϫ/Ϫ) mutant line to haloperidol and injury was more complex than the IL-1R(Ϫ/Ϫ) mouse. The terminal tree size was unchanged, but there was a glial response after haloperidol treatment and at 2 months after lesioning. The increase in astrocyte density was commensurate with that observed in WT mice, but the microglial response, although significant, was muted compared with the WT mouse. This suggests that, although a glial response is essential, it is not on its own sufficient to elicit sprouting and that IL-6 must act at some other point to either trigger or sustain sprouting. The neuroprotective effects of IL-6 on mesenchephalic catecholamine neurons have been noted (Hama et al., 1991; Gadient and Otten, 1997) , and it is possible that, in our lesion studies, the lack of IL-6 may have lead to a failure of protection of SNpc neurons. This, however, seems unlikely because lesions in these mutants were not larger than in WT, and it seems more likely that IL-6(Ϫ/Ϫ) was required to stimulate neurite formation. We reach this conclusion because, in the IL-6(Ϫ/Ϫ) mouse, the presence of the glia activity alone was not sufficient for axonal sprouting. After both haloperidol administration and lesioning, we observed both an astrocytic and microglial reaction in the IL-6(Ϫ/Ϫ) line, but there was no increase in terminal tree in either case. One possibility is that, despite a glial reaction, the astrocytes in these animals cannot be induced to produce neurotrophic factors such as aFGF, bFGF, or GDNF. There is also a body of evidence that IL-6 itself functions as a neurotrophic agent. Although in vitro studies have long supported the idea that both astrocytes and microglia produce IL-6 (Frei et al., 1989; Lieberman et al., 1989) (Gottschall et al., 1995; Suzumura et al., 1996) , more recent in vivo studies point toward neurons as an important source of this cytokine in both the CNS and the peripheral nervous system (Murphy et al., 1995 (Murphy et al., , 1999 Arruda et al., 1998; Lemke et al., 1998; Munoz-Fernandez and Fresno, 1998; Hans et al., 1999; Streit et al., 2000) . These studies have also shown a sustained upregulation of IL-6 mRNA in association with regeneration of adult facial motor neurons. There is also delayed regeneration of sensory axons in IL-6(Ϫ/Ϫ) mice (Zhong et al., 1999) . It is surprising that, during development, both IL-1R(Ϫ/Ϫ) and IL-6(Ϫ/Ϫ) mice form larger terminal trees than WT mice. Figure 7 . Plots of the density of DAT-IR terminals ( A-C) in the dorsal striatum against lesion size and the degree of regenerative sprouting ( E-G). A, Density of DAT-IR terminals in WT mice is maintained until ϳ75% SNpc neurons are lost, at which point density rapidly falls, presumably because remaining neurons can no longer compensate through sprouting. D shows WT animals degree of sprouting, 100% representing normal tree size and values Ͼ100% indicating a degree of sprouting. Note the significant degree of sprouting in WT animals when as few as 1500 (25%) of neurons remain. B shows density of DAT-IR terminals in IL-1R(Ϫ/Ϫ) mice with respect to varying lesion sizes. Note the persistent decline in density with increasing lesion size and the absence of sprouting in the remaining neurons in E. There was also a rapid decline in DAT density in IL-6(Ϫ/Ϫ) mice after lesioning ( C) and very minimal sprouting in the remaining neurons ( F) . Note that each data point on the graphs represents one lesioned animal. Note that density is maintained in WT mice after lesioning but is significantly reduced in both IL-1R-and IL-6-deficient mice. Scale bar, 20 m.
Indeed, the effect of haloperidol on WT mice was to increase terminal tree comparable with that seen in IL-1R and IL-6 knock-out mice. However the lack of sprouting in the two mutants is not because the terminal tree was already at a maximum for dopaminergic neurons. An examination of the extent of sprouting that follows lesioning shows that, in the WT, the terminal tree can increase up to 300%, whereas haloperidol induces only a 35% increase in tree size. Clearly, therefore, factors other than a notional maximum arbor limit are preventing additional sprouting in the two mutants. It is likely that these animals have enlarged terminal arbors as a result of compensatory effects that result from the absence of these cytokines. The astrocyte density was increased in the IL-1R(Ϫ/Ϫ) animals, and this (non-IL-1-mediated effect) could be construed as being required to support the larger terminal trees in the IL-1R(Ϫ/Ϫ) mice. However the IL-6(Ϫ/Ϫ) mice have similar sized terminal trees without the increased density of astrocytes, and so this seems an unlikely explanation. It does however imply that mechanisms that underlie developmental compensations may differ in the two mutants.
In summary, our findings suggest that the cytokines IL-1 and IL-6 play a central role in the regulation of axonal sprouting in both the unlesioned brain and after injury. In the absence of IL-1, there is neither astrocyte nor microglial proliferation and, consequently, no sprouting. Astrocyte, and to a lesser extent microglial, proliferation can occur without IL-6, but axonal sprouting does not occur, suggesting that IL-6 may have an additional more specific role as a trophic factor important in initiating or regulating neurite outgrowth. This study also raises the concern that immunosuppresion after stem cell therapy or injury may impair regeneration and repair.
